Each Impatiens pallida individual has both a selfing mode of reproduction (cleistogamy) and a potentially outcrossing mode of reproduction (chasmogamy). The persistence of such a mating heteromorphism is in direct contrast to the theoretical expectation that mixed-mating strategies are evolutionarily unstable. Studies designed to detect fitness advantages of chasmogamous reproduction find only slight differences in the fitness of seed from the two reproductive modes. Inbreeding in chasmogamous flowers could cause these results. This hypothesis was tested by estimating the parameters of the correlated matings model for each of three generations in a natural population of I. pallida using multilocus electrophoretic data from 8934 chasmogamous seed sampled from 1080 individuals. Effective selfing in chasmogamous flowers averaged more than 0.50, changing from 0.66 to 0.54 to 0.48 over three generations. Geitonogamous selling comprised approximately 80 per cent of this inbreeding in each generation: the remainder was mating among relatives. The correlation of selfing and the correlation of outcrossed paternity within and among the chasmogamous flowers of individuals were moderate in each generation, ranged within + 0.11 to + 0.21 and changed little over three generations. Individuals that were further from their nearest neighbour or were shorter produced a greater proportion of inbred chasmogamous seed. Those that produced more chasmogamous flowers had higher rates of geitonogamous selfing. Taken together these results are strong evidence that substantial inbreeding occurred in chasmogamoiis flowers through both geitonogamous selfing and biparental inbreeding, that this inbreeding caused the genetic correlation of chasmogamous sibs to be more similar to the genetic correlation among completely selfed sibs than to the genetic correlation among completely outcrossed sibs, that effective selfing within chasmogamous flowers can change over generations and be influenced by plant architecture and pollinator behaviour, and that chasmogamous flowers of I. pallida have a stable, partially selling mating strategy.
Introduction
Theory predicts that if a mating system includes both selling and outcrossing, it may not be evolutionarily stable. Fisher (1941) , for example, argues that selffertilization will increase until the population becomes completely selling because any mutant allele that increases the rate of self-fertilization has an automatic transmission advantage. Processes, such as inbreeding depression, sib competition, pollen discounting, seed abortion and differential resource allocation, that might balance selling's transmission advantage, require restrictive conditions for stability that may rarely occur in natural populations (Jam, 1976; Nagylaki, 1976; Solbrig, 1976; Lloyd, 1979 Lloyd, , 1980 Wells, 1979; Stephenson, 1981; Charnov, 1982; Willson & Burley, 1983; Feldman & Christiansen, 1984; Holsinger et al., 1984; Schoen & Lloyd, 1984; Lande & Schemske, 1985; Campbell, 1986; Uyenoyama, 1986; Holsinger, 1992) .
Cleistogamous species, in which each individual has both a selling mode of reproduction (cleistogamy) and a potentially outcrossing mode of reproduction (chasmogamy), contradict theoretical expectations that 265 mixed-mating strategies are unstable. These species have attracted considerable attention because their floral heteromorphism provides a model system for comparing the fitness consequences of self-fertilization in cleistogamous and chasmogamous flowers and cross-fertilization in chasmogamous flowers. Many studies, for example, have compared the relative fitness of seed produced by cleistogamous and chasmogamous flowers (e.g. Schemske, 1978; WaIler, 1980; Mitchell-Olds & WaIler, 1985; Schmitt et a!., 1985; Antlfingcr, 1986) and have found only small, or no, fitness differences between cleistogamous and chasmogamous seed. These results, however, do not necessarily imply that self-and cross-fertilized seed have equal fitness because chasmogamous flowers may inbreed. If chasmogamous flowers inbreed, then fitness differences of cleistogamous and chasmogamous seed could he small, even when fitness differences between inbred and non inbred seed are not.
Chasmogamous flowers can produce inbred seed in several different ways . For example, pollen from a chasmogamous flower may fertilize its own ovules (within-flower selfing) or pollen from one chasmogamous flower may fertilize the ovules of another chasmogamous flower on the same individual (geitonogamous selfing). Chasmogamous flowers also will produce inbred seed when pollen and ovule parents are related (biparental inbreeding). Each of these types of inbreeding (and positive covariances between them) increases the genetic relatedness among sibs and, therefore, increases both the genetic covariance among sibs and the genetic variance among sibships. These genetic sib relationships are important because they may influence the selection pressures experienced by progeny produced in chasmogamous and cleistogamous capsules (Cockerham & Weir, 1 984) and may, therefore, be used to test theories of mating system evolution that involve inbreeding depression (Darwin, 1862 (Darwin, , 1876 (Darwin, , 1877 Wright, 1977;  Chariesworth & Charlesworth, 1987; Ziehe & Roberds, 1989) , differential resource allocation (Charlesworth & Charlesworth, 1 981; Charnov, 1982), reproductive assurance (Baker, 1955 (Baker, , 1959 Lloyd, 1979; Dole, 1992) , the competitive interactions among sibs through sib competition (Schmitt & Ehrhardt, 1987; McCall et a!., 1989; Kelley, 1989) and selective fruit and flower abortion (Lloyd, 1980; Stephenson, 1 981; Willson & Burley, 1983) . Impatienspa/lida and its close relative I. capensis have become important model systems for testing theories of plant mating system evolution. Each species is a cleistogamous annual, common in wet areas of the northern United States and southern Canada (Carroll, 191 9) . The pattern of resource allocation (Schemske, 1978; WaIler, I 979) and relative fitness of cleistogamous and chasmogamous reproduction (Wailer, 1984; Mitchell-Olds & WaIler, 1985; Antlfinger, 1986; Schmitt & Ehrhardt, 1987 , 1990 McCall et al., 1989) have been studied. Inbreeding within chasmogamous flowers may he common in these species. Wailer & Knight (1989) reported selfing rates ranging from 0.29 to 0.71 in populations of 1. capensis. used a floral manipulation experiment to detect substantial geitonogamous seifing in a population of I. pal/ida. Biparental inbreeding also may be common in these species because pollen and seed dispersal are limited (Schmitt et a!., 1985) and because neighbours may be related because of local adaptation (Stewart & Schoen, 1 987) . The mating event correlations needed to find the quantitative genetic relationships among sibs and the fitness consequences of inbreeding in chasmogamous flowers are not known for either species.
In this paper the proportion of different mating events occurring in three generations of a natural population of I. pal/ida is estimated using multilocus genetic data and mating system estimation models. The genetic relationships among chasmogamous and cleistogamous sibs are determined and selfing rate variation among individuals is related to several plant characteristics associated with pollinator behaviour.
Materials and methods
An extensive population of I. pallida inhabiting a mixed deciduous forest near Webster's Fails, Dundas, Ontario, Canada was sampled in 1990 , 1991 In the first year, 13 permanent sampling transects were established by choosing a starting point and direction at random. Individuals were sampled along the transects as nearest neighbour pairs. In each year and for each transect, an individual and its nearest neighbour were sampled at the starting point of the transect, then the sampling location was moved at least 1 m along the transect, where another pair was sampled. This process was repeated for the length of the transect.
Seed from two chasmogamous seed capsules was taken from each sampled individual. Infrequently, seed from additional chasmogamous capsules was taken to increase the seed sample to at least six ehasmogamous seed of each sampled individual. The 1990 sample included 2780 seeds sampled from 352 individuals (mean of 7.9 seeds per family). In 1991, 3132 seeds were sampled from 368 individuals (mean of 8.5 seeds per family). In 1992, 3022 seeds were sampled from 360 individuals (mean of 8.4 seeds per family). The height, number of lateral branches, number of chas-mogamous flowers, the proportion of chasmogamous versus cleistogamous reproduction and nearest neighbour distances of each sampled plant were recorded each year.
Sampled seed was stored on ice in the field, transported to the laboratory, homogenized in the pH 7.3 extraction buffer described by Marty et al. (1984) , and then stored at -70°C. Five polymorphic enzyme loci were assayed in each of the 8934 seeds using starch gel electrophoresis run in a pH 8.0 Tris-citrate buffer (Wendel & Weeden, 1989) : shikimic dehydrogenase (Skd, E.C. 1.1.1.25), malic enzyme (Me. E.C. 1.1.1.40), isocitrate dehydrogenase (Idh, E.C. 1.1.1.41), glucophosphate transaminase (Gpt, E.C. 2.6.1.2) and fluorescent esterase (Fes, E.C. 3.1.1.1). Inheritance of these loci was confirmed using segregation patterns of seed from cleistogamous fruits.
The correlated matings model is a parametric approach to mating system estimation that accounts for covariances among mating events (Ritland, 1988 (Ritland, , 1989 Brown, 1990) . Chasmogamous flowers (which can inbreed) could, for example, produce sibs outcrossed to different pollen donors (half-sibs), sibs outcrossed to a single pollen donor (full-sibs), a mixture of both outcrossed half-and full-sibs, sibs completely selffertilized or a mixture of selfed and outcrossed sibs.
This model estimates the frequencies of the four mating event combinations possible for pairs of sibs:
selfed-selfed, selfed-outcrossed, both outcrossed to the same pollen parent (full-sibs), both outcrossed to different pollen parents (haif-sibs). These mating event combinations are expressed in terms of the effective selfing rate, the inbreeding coefficient of parents, the covariance of effective selling and inbreeding coefficient, and two mating event correlations: the correlation of selfing (this correlation is positive whenever both sibs are selfed more often than expected assuming independence) and the correlation of outcrossed pollen paternity (this correlation is positive whenever both sibs are outcrossed more often than expected assuming independence) (Schoen, 1985; Brown et al., 1987; Ritland, 1988 Ritland, , 1989 Brown, 1990) .
The proportion of geitonogamous selfing in chasmogamous flowers was estimated as the multilocus selfing rate calculated from the same genotypic data using the multiocus mixed-matings model (Ritland, 1990) . Although the effective selfing rate includes inbreeding contributed by mating among relatives and by self-fertilization, the selfing rate of the multiocus mixed-matings model only includes the contribution from self-fertilization (Ritland, 1984) . Geitonogamous selfing is the only mode of self-fertilization possible in chasmogamous flowers of I. pal/ida because withinflower self-fertilization cannot occur (the androecium of an Impatiens chasmogamous flower physically covers the stigma until it falls off and the stigma is not receptive until the following day) (Wood, 1975; Schemske, 1978 ).
Ritland's estimation programs were used to find the maximum-likelihood estimates of the parameters of the correlated matings model and the multilocus mixedmatings models as minimum-variance averages over loci for each of 1000 bootstrap replicates (Ritland, 1990 ). Each bootstrap replicate was formed by resampling sib-pairs from the sampled progeny array for each maternal individual (Ritland, 1990) . This was done separately for each generation. Parameter estimates were considered equal to the median of the resample estimate distribution and the upper and lower limits of the approximate 95 per cent confidence interval were considered equal to the 97.5 and 2.5 percentiles of the distribution (Efron, 1979) . Parameter estimates were considered significantly different if and only if their 95 per cent confidence intervals did not overlap (Manly, 1991) . This criterion was more conservative than standard parametric and nonparametric tests (S. C. Stewart, unpublished data). Measurements data were analysed using Pearson product-moment correlations. Cockerham & Weir (1984) showed how the covariances among mating events contribute to the genetic relatedness among progeny in partially selfing populations. They showed that the total genetic variance of a quantitative character can be partitioned into five quadratic components: additive genetic variance, dominance genetic variance and three dominance components that relate to a homozygous population (Jacquard, 1974; Cockerham & Weir, 1984) . Ritland (1989) extended their results by showing that the parameters of the correlated matings model determine the five quadratic components and the genetic covariance among sibs. The genetic covariance among sibs is a weighted sum of the five components. The weighting coefficient of each quadratic component was calculated for sibs within the same cleistogamous capsule and for sibs within the same chasmogamous capsule following Cockerham & Weir (1984) and Ritland (1989) .
Results
Allele frequencies of the five loci and x2 goodness-offit tests appear in Table 1 . Diallelic data provide eight degrees of freedom and the model estimates four parameters so that the x2 tests have four degrees of freedom to test the goodness-of-fit (Ritland, 1989) . There was a good fit between the model and the data for at least two loci in each generation (Table 1 ).
Departures from model expectations in the other loci were often an excess of sib-pairs comprised of one homozygote and one heterozygote from a homozygous maternal parent. Sampling relatively few capsules from each parent and variation among the types of mating events occurring within each capsule may have caused this pattern of deviation (Ritland, 1989) . Deviations were not large and, therefore, estimates based on data from all five loci are reported (Ritland, 1989) .
The parental coefficient of inbreeding averaged 0.70 in 1990, increased to 0.76 in the next generation (P <0.05, Table 2 ) and then changed little in the next generation, equalling 0.75 (P> 0.05, Table 2 ). Inbreeding at the population level includes inbreeding through past cleistogamous reproduction in addition to past geitonogamous self ing and biparental inbreeding in chasmogamous flowers.
The multilocus selfing rate of chasmogamous flowers (equivalent to geitonogamous selling to chasmogamous flowers) averaged 0.51 in 1990, decreased to 0.40 and then to 0.34 in the following generations (P < 0.05, Table 2 ). The effective selfing rate of chas- (Ritland, 1989) . 0.05. Table 2 Estimates of inbreeding coefficient of parents, effective selfing rate of chasmogamous flowers, covariance of effective selfing rate with parental inbreeding level, correlation of selfing, correlation of outcrossed paternity, and the multilocus selfing rate of chasmogamous flowers for three generations in a natural population of Impatiens pal/ida from Ontario, Canada Estimates are median values from 1000 bootstrap replicates using maximum-likelihood minimum-variance over loci criteria. 95% confidence intervals based on bootstrap distribution follow median estimates in parentheses.
mogamous flowers averaged 0.66 in 1990, decreased to 0.54 and then to 0.48 in the following generations (P < 0.05, Table 2 ). Effective selfing rates include both current geitonogamous selfing and biparental inbreeding (Ritland & Ganders, 1985) .
Effective selfing rate and parental coefficient of inbreeding covaried closely in each generation (Table  2 ). This covariance ranged from 0.12 to 0.20 among generations, which was approximately 70 per cent of the maximum possible values.
When sib-pairs were sampled from the same chasmogamous capsule, the correlation of selfing and the correlation of outcrossed paternity were both moderate and positive in each generation ( Table 2 ). When sib-pairs were sampled from different chasmogamous capsules, both the correlation of selfing and the correlation of outcrossed paternity were reduced, but only slightly (and non significantly) ( Table 2 ). The correlation of selfing averaged 0.14 and did not differ significantly among generations. The correlation of outcrossed paternity also averaged 0.14 and did not differ significantly among generations.
The impact of these correlations can be considered by comparing the proportion of sib-pairs with those expected if the correlations were zero. Averaging across generations, 0.36 of the sib-pairs from the same chasmogamous capsule were both produced by selfing, 0.40 were comprised of one selfed seed and one outcrossed seed, 0.20 were half-sib pairs, and 0.04 were full-sib pairs. If the correlation of selfing were zero, only 0.26 of the sib-pairs from the same chasmogamous capsule would both be produced by selfing. If the correlation of outcrossed paternity were zero, none of the sib-pairs from the same chasmogamous capsule would be full-sibs and fewer of the sib-pairs would be half-sibs.
Effective selfing rate estimates of individual plants were positively correlated with the distance to their nearest neighbour in each generation (r + 0.15, +0.11, +0.17; P<0.05; n=352, 368, 360) and negatively correlated with plant height (r = -0.10, -0.11, -0.13; P<0.05; n=352, 368, 360), i.e. the proportion of inbred seed produced in an individual plant's chasmogamous flowers was greater when they were more distant from their nearest neighbours and when they were shorter. No relationship was found between the effective selfing rate of individual plants and other morphological characters.
Estimates of individual plant multiocus selfing rates were negatively correlated with plant height in each year (r= -0.12, -0.10, -0.14; P<0.05; n352, Table 3 . Coefficients for seed from individual chasmogams were not calculated separately from those Values calculated from correlated mating model parameters estimated for three generations of a natural population of Impatiens pallida from Ontario, Canada using equations described in Weir & Cockerham (1984) and Ritland (1989). for seed from different chasmogams of a single individual because there is no evidence in these data that a difference exists (Table 2) . Sibs from chasmogams share an average of 36 per cent of the additive genetic variance (which is nearly a 50 per cent increase over the 25 per cent shared by outbred half-sibs) and an average of 5 per cent of the dominance variance (outbred haif-sibs share none of the dominance variance).
In the Impatiens population, the three dominance components that relate to populations made homozygous were significantly greater than zero (the expected value for noninbreeding populations) and moderately large: each is approximately half the maximum value (maximum values are attained in sibs from cleistogams) ( Table 3 ).
Discussion Inbreeding in chasmogamous flowers
Chasmogamous flowers of I. pal/ida are not uniformly outcrossed. More than a third of the seed produced by chasmogamous flowers each generation were self-fertilized via geitonogamous selfing (multilocus selfing rates in Table 2 ). Mating among relatives increased the effective rate of self-fertilization above 0.50 (Table 2 ).
These selling rates are within the range of selfing rate estimates reported for I. capensis (selfing estimates range from 0.29 to 0.71) (Waller & Knight, 1989) . The I. paiida population was, however, more inbred than most of the I. capensis populations. This population of I. pal/ida may produce a larger proportion of its seed through cleistogamy than those of I. capensis but the differences in F between the species may be due to chance alone. Sample variances for F are expected to be large because the variance among loci is maximal for selfing rates within the entire seed crop near 85 per cent (Cockerham & Weir, 1983) , as in this population, and because the sampling error of F is expected to be large (Ritland, 1989) . The precision of the estimates of F reported here is due to the large number of families used in the analysis, the fit of the data to the correlated matings model and, to a lesser extent, the number of loci and number of progeny included.
Correlations between geitonogamous selfing and the number of chasmogamous flowers, between individual effective selling rates and nearest neighbour distance, and between both selfing rates and plant height suggest that selfing rates have a large environmental component because the number of chasmogamous flowers, nearest neighbour distance and plant height are largely determined by environmental conditions (Schemske, 1978; Mitchell-Olds & Waller, 1985) . These The correlation between rate of geitonogamous selfing and the number of chasmogamous flowers produced suggests that the fitness gain curve of resource allocation to chasmogamous reproduction may be saturating (Charnov, 1982) . Further resource allocation to chasmogamous reproduction may create ever diminishing fitness gains because cross-fertilization becomes less likely. This could constrain selection for greater chasmogamous reproduction, while inbreeding depression constrains selection for greater cleistogamous reproduction, leading to a stable, partial selfing, mixed-mating system in chasmogamous flowers.
Correlation of selfing
While both geitonogamous selling and biparental inbreeding contribute to the correlation of selling, the correlation of selfing does not include the contribution to the total correlation of selling made by population subdivision. The contribution from population substructure equals D2/(s(1 -s)F(1 -F)), where D is the covariance of effective selfing with parental inbreeding level, s is the effective selling rate and F is the parental inbreeding level (Ritland & Ganders, 1985) . In cleistogamous species, both past cleistogamous reproduction and past inbreeding in chasmogamous flowers will contribute to this substructure correlation. Population substructure induces a correlation between effective selfing and parental inbreeding because matings among neighbours in neighbourhoods with a history of more inbreeding produce progeny that are themselves more inbred than matings among neighbours in neighbourhoods with a history of less inbreeding. Cleistogamous reproduction contributes to inbreeding within neighbourhoods, and chasmogamous matings among neighbours in neighbourhoods with a greater proportion of cleistogamous reproduction will produce progeny that are more inbred than chasmogamous Adding the correlation of selfing within the same chasniogamous capsule to these 'substructure correlations' provides the total correlations of selfing: 0.98 in 1990, 0.51 in 1991 and 0.57 in 1992. Population substructure contributed three to four times more to the total correlation than to the correlation of seifing. Such large total correlations of selfing mean that most of the seeds in many chasmogamous capsules are selfed. This implies that the genetic relationships among seed from the chasmogams and cleistogams of each individual are similar and can, therefore, at least partially explain the lack of detectable fitness differences among seed from cleistogamous and chasmogamous flowers (Schemske, 1978; WaIler, 1980; Mitcheli-Olds & Wailer, 1985; Schmitt eta!., 1985; Antlfinger, 1986) .
Correlation of outcrossed paternity
In each generation, the correlation of outcrossed paternity (and the correlation of selfing) remained moderate and positive, though slightly smaller, when pairs were sampled from different chasmogams capsules of the same maternal individual relative to pairs sampled from the same chasmogamous capsule (Table  2) . Sibs within chasmogams were, therefore, not more closely related to each other than sibs from different chasmogams of the same maternal individual. This pattern indicates that the genetic composition of fertilizing pollen was not strongly differentiated among chasmogams and is consistent with repeated matings among a small set of neighbouring individuals and limited pollen carry-over. Ritland (1989) shows that random outcrossing to five neighbours could induce a correlation of outcrossed paternity of 0.20. Wailer & Knight (1989) estimated a conceptually similar correlation in populations of I. capensis and reported values ranging from -0.92 to + 0.44. Comparisons are problematic because their 'genotypic correlation between truly outcrossed mates' is not equivalent to Ritland's correlation of outcrossed paternity. In addition, the sample variance of the 'genotypic correlation between truly outcrossed mates' is not known and the sample variances of the I. pallida correlation estimates are large, even though each is based on nearly 15000 genotype determinations (Table 2) .
Interestingly, the mating event correlations in the Mimulus guttatus populations studied by Ritland (1989) are similar to those of I. pal/ida, except that the within-capsule correlations of selfing of M. guttatus are nearly twice as large as those for I. pal/ida. This difference is probably because of the difference in the fate of the androecium in each species. In M. guttatus, withinflower self-fertilizing can occur when a flower's stamens drag across the stigma during corolla abscission (Ritland, 1989; Dole, 1992) . In I. pallida, withinflower self-fertilization does not occur because the androecium drops off before the stigma is receptive (Wood, 1975; Schemske, 1978) .
Evolutionary consequences of correlated matings in the chasmogamous flowers of I. palUda An important conclusion of this research is that the genetic relationships among seed from chasmogams and cleistogams are more similar than previously assumed. For example, the coefficients of each quadratic component of the average genetic covariance among cleistogamous and chasmogamous seed show that the genetic correlation of chasmogamous sibs is more similar to the genetic correlation among completely selfed sibs than to the genetic correlation among completely outcrossed sibs. The relative magnitudes of the coefficients of cleistogamous and chasmogamous sibs also reinforce the notion that dominance effects, such as inbreeding depression, will strongly influence the covariance among sibs and the variance among families in inbreeding populations with correlated matings. This may be especially important for seedling characters of Impatiens because MitchellOlds & Bergelson (1990) found that early life cycle characters showed evidence of either dominance or maternal effects in I. capensis. However, the relative importance of the five quadratic components cannot be determined from the calculated coefficients alone (the variance components themselves must also be known) because each component contributes as the product of the component and its coefficient (Cockerham & Weir, 1984) .
Another important aspect of these results is that the mating system of chasmogamous flowers of I. pal/ida was stable over three generations in this natural population. Rates of both geitonogamous and effective selfing in chasmogamous flowers ranged within a narrow interval over the three generations. The other mating system parameters and the correlations among selfing rates and plant characteristics were also stable over generations. This suggests that chasmogamous flowers of I. pal/ida have a stable, mixed-mating strategy.
The analysis of correlated matings also helps to establish the extent of gene flow within this population and its population structure. Populations of I. pal/ida tend to be highly inbred because of cleistogamous seed production (Waller, 1980; Cid-Benevento & Schaal, 1986) and substantial inbreeding via geitonogamous selfing and biparental inbreeding in chasmogamous flowers (Waller & Knight, 1989; and Table 2 ). Genetic neighbourhoods are small because of limited seed and pollen dispersal (Schmitt et al., 1985) and allelic variability is spatially autocorrelated in natural populations (Schoen & Latta, 1989) . These processes tend to produce and maintain an inbred population structure of small neighbourhoods comprised of genetically related individuals (Ritland, 1985 (Ritland, , 1988 and induce a high substructure correlation (see above). Heterogeneous selection among neighbourhoods has also been reported in natural populations of I. pallida (Stewart & Schoen, 1987) . This balance of processes structures the population into a mosaic of genetically differentiated neighbourhoods that may sequester genetic variants within and maintain genetic variation among neighbourhoods. Within the neighbourhoods, competition among seedlings may occur among highly related neighbouring individuals. Seed produced by the two flower types will differ in their sib genetic covariances but the differences are limited by the correlated mating events and high effective selfing rates within chasmogamous flowers (Table 3) . Such similar genetic covariances among chasmogamous and cleistogamous sibs constrain the fitness differences of chasmogamous and cleistogamous reproduction, change the selection experienced by progeny and may have influenced the mating system evolution of this species. Work is currently underway to test directly the response to selection on mating system characters by estimating realized heritabilities from the observed response to artificial selection applied to individuals in this population of I. pal/ida.
